Abstract-We present a magnetically actuated microfluidic transistor (valve), an on-chip micro-valve that uses magnetorheological fluids micropatterned onto an elastomeric membrane to develop an ultra-compact solution for digital control of microfluidic circuits. We simulated the micro-valves theoretically and also characterized micro-fabricated devices experimentally. We simulated the effects of channel and valve geometry on the deformability of the valve. We experimentally characterized the effects of channel and valve geometry on the ability to reversibly close channels fully. We characterized the microfabricated valves in the flow rate range of 0.02-1 µl/min. Among the various kinds of valves examined, for lower flow rates, circular valves with a 700 µm diameter in 300 µm width channel, and in higher flow rates, rectangular valves 700 µm wide in the same channel show the best ability in terms of valve closure and response time. The fabrication and the integration of the proposed valve are compatible with a range of polymer microfabrication technologies having the advantage of simple fabrication, small size, and no external power requirement. These valve structures can be promising solutions for pumping and active flow control for portable analytical instrumentation, point-of-care diagnostic devices, and even wearable microfluidic devices.
I. INTRODUCTION

M
ICROFLUIDIC technology has shown significant promise in a wide range of applications including low volume high precision chemical and material synthesis platforms [1] - [5] , diagnostic devices [6] - [9] , nucleic acid amplification, [10] - [13] cell sorting, and also culturing [14] - [17] . To fulfill the demands of these wide ranging applications, integrated solutions for dynamic fluidic control through micro-channels is required. The most important fluid handling components to enable fully miniaturized Micro-Total Analysis Systems (MicroTAS) are on-chip integrated valves, pumps, and mixers. In particular, the ability to reversibly open and close specific channels rapidly is an essential requirement for a wide range of analytical platforms. Integrated on-chip valves in microfluidic systems are typically categorized as passive [18] - [21] and active valves. Active valves need external forces for operation. In the past few decades various active valve solutions using pneumatic [22] - [24] , magnetic [25] , [26] , electrostatic [27] and photonic actuation [28] , hydrogel swelling [29] , [30] , the movement of ferrofluids, [31] - [34] and even shape-memory alloy thermal response [35] have been reported. Among of them, the pneumatic valves developed by Unger and coworkers [23] based on soft lithography have emerged as the most widely used solution due to their versatility, ease of fabrication, high speed, and small size. Fabrication of numerous large-scale integrated fluidic systems has been possible with these kinds of valves. The difficulty, however, in using pneumatic valves for realizing portable and even wearable fluidic analysis systems stems from the need for large numbers of tubing inserted in the channel inlets and the computer-based pneumatic actuators and pressure control system required, which makes the full system large and bulky. Thus, numerous efforts have been underway to realize valve solutions, not only with microscale valve geometries, but also micro-scale actuators as well, thus enabling ultra-compact Micro-Total Analysis Systems. This includes electrostatic and piezoelectric actuated valves requiring large actuation voltages [36] - [39] .
Among the wide variety of different micro-scale actuation mechanisms, magnetic actuation has advantages over other methods. In particular, it has been shown to produce large forces (>μN) capable of producing large displacements (100s of μm) [40] . Various magnetic micro-valves have been presented in the literature utilizing a number of magnetic materials to achieve actuation. Among the first embodiments was the use of electroplated soft magnetic materials (e.g. permalloy/NiFe). For example, a silicon-based microvalve with a permalloy-coated membrane was presented, consisting of a 7μm-thick Permalloy film on a 17μm-thick silicon membrane, capable of being deflected 23 μm via the device's integrated inductors [41] . However, there are drawbacks for magnetic microstructures. As an example, it is not possible to generate locally restricted high magnetic field flux density inside these structures [42] Magnetic hydrogels and ferrofluids have been proposed to tackle this problem. Various groups have also suggested using magnetically modified elastomeric materials for fabrication of microfluidic valves [25] . As a result, quite a bit of effort has been undergone in obtaining suitable nanocomposites of PDMS and magnetic particles for actuation purposes [43] - [47] . Aside from the advantages of these composites, there are some drawbacks for their use as actuating membranes. As an example, the synthesis of a uniform magnetic particle elastomer is difficult. Magnetic particles also cause changes in the mechanical properties of PDMS, which can vary from sample to sample so achieving consistently reliable valves from device to device is difficult. Also one cannot load magnetic particles into the PDMS beyond its solubility, which places a limit on magnetic permeability of the membrane. Thus, in most cases millimeter sized valves are required to get sufficient deformation to fully close a fluidic channel, thus large-scale integration is not feasible. Another drawback of these composites results from its optical properties, thus making the full channel opaque, making optical imaging difficult.
Magnetically actuated valves based on dispersion of nanoparticles on N-isopropylacrylamide hydrogel has also been reported [30] but in spite of rapid on-off switching times, it has relatively large dimensions and thus has a sluggish valve response due to the cool down time of hydrogels. Ferrofluids have also been used for fabrication of microvalves. Most ferrofluid-based designs implement the ferrofluid in contact with the liquid in the channel, and thus the two liquids must be immiscible [31] . Use of a rigid iron plate in combination with PDMS membranes was reported [26] , [48] however they are not suitable for miniaturization, and because of their inflexibility they can not close valves completely in low flow rates.
In this work, we present the use of magnetorheological (MR) fluids micropatterned on top of a PDMS membrane. The magnetorheological fluid is a suspension of microparticles in a carrier fluid on top of a thin deformable PDMS layer. Because of the size of these particles, they cover and adhere to the membrane and also because they flow in liquid, they can rapidly become re-oriented in presence of a magnetic field and apply a strong force to the membrane thus deforming it, closing the microfluidic channel directly beneath it. The key advantage of this approach is that the magnetic permeability of the MR fluid is significantly higher compared to magnetically doped PDMS membranes, thus significantly higher deformation can be achieved, allowing for smaller valves to be fabricated, thus making this approach more suitable for large scale biomicrofluidic integration. The other advantage of this approach is the cost effectiveness and also general compatibility with widely used soft-lithography processes for microfluidic channel fabrication. Fig.1 shows the basic concept of the MR fluid integrated with a PDMS membrane microfluidic valve. We systematically studied, both theoretically and experimentally, various magnetic valve geometries and dimensions and compared the performance in terms of on-off cycle, response time, ability to close micro-channels, and their ability to withstand channel pressure.
II. EXPERIMENTAL METHODS
A three-layer micro-magnetic valve was fabricated using the following procedure (Fig. 2) . First, a layer of SU-8 with 12 μm thickness (measured with profilometer) is spun onto a 3 silicon wafer. The patterns of the desired valve structures are transferred into this layer (Fig. 2a) . Then an air bubble free mixture of 10:1 weight ratio of Sylgard silicone elastomer and curing agent was spun onto the mold with a spin rate of 4000 rpm. The thickness of this membrane is 15 ± 2 μm (Fig. 2b) .
After curing at 80°C for two hours, a 2 mm thick PDMS layer with a through-hole for the MR fluid is bonded (Fig.  2c ) to the PDMS membrane using oxygen plasma bonding (Fig. 2d) . The whole PDMS structure is then peeled off from the silicon master mold wafer (Fig. 2e) and bonded using oxygen plasma to the top of a 1 mm thick PDMS layer serving as the base substrate. The 1 mm thick PDMS layer is fabricated with a 5:1 ratio of PDMS to curing agent to stiffen the layer to avoid collapsing with the PDMS membrane. The inlet and outlet is punched through the membrane and the 2 mm thick layer (Fig. 2) . Finally, the MR fluid, with a concentration of 10 mg/ml was injected into the miniature hole above the roof of the valve membrane. Also, a N52 permanent magnet (K&J Magnetics, Pennsylvania, USA) with a 3900 Gauss magnetic flux density was used to actuate the valve. In the situation where field is applied, the magnet is placed in contact with the PDMS layer and when no field is applied, the magnet is moved several centimeters away from the chip to ensure there is no magnetic field applied to the valve. For proof-of-concept purposes, we used a permanent magnet, however we emphasize that there are a broad variety of miniaturized electronically actuated micromagnets that can be used for valve actuation. Fig. 2h shows the image of a microfabricated device containing four different valve structures in various opened and closed states. In order to characterize the performance of the valve and its ability to open and close microchannels and impede flow rate, we injected a suspension of 3 μm polystyrene beads into the flow channel, and optically monitored the flow rate in the channel, by acquiring images using a bright field microscope, in the channel and tracking the velocity and position of the beads. Fluid was injected into the flow layer channel and flow rate was controlled using a syringe pump.
III. RESULTS AND DISCUSSION
A. Simulation Results
We studied and modeled the valve actuation process using the finite element method (COMSOL Multiphysics) with the intention of gaining an understanding of the behavior of the proposed device with relation to various parameters such as valve geometry and dimensions, thus providing an approximate design space to give guidance for our microfabrication and experimental characterization efforts. We considered major factors affecting membrane deformation including (i) channel width, (ii) valve shape, and (iii) valve size. A 3D dimensional model was created. The model contains the permanent magnet (N52 with a magnetic flux density of 3900 Gauss), three PDMS layers: Layer 1) iron particles, Layer 2: valve channel, and Layer 3: the substrate suspended in air. For simplicity in the simulation, a solid magnetic block was approximated instead of iron particles in fluid. The goal from the simulation was to develop a design space for valve fabrication, thus we emphasize that a more accurate model could have been developed, but the current model adequately served the purpose of this work. The magnetic properties of the simulation elements were incorporated in the form of relative magnetic permeability. The magnetic field distribution obtained from this model was used to calculate the applied force on the valve membrane and it was applied as input to the structural model formed by the valve membrane and fluidic channel. The applied magnetic force required to close the valves is approximately several tens of milliNewtons. The amount of deformation was obtained using the fluid structure interaction module. This model geometry consists of a horizontal flow channel a with valve membrane on top. The valve membrane, a deformable material, bends under the applied magnetic force load. The NavierStokes equations for incompressible laminar flow describe the flow in the channel. At the channel entrance, the flow has fully developed laminar characteristics with a speed of 100 μm/s. At the channel output, the boundary condition is zero pressure. On the solid walls, no-slip condition is imposed; also symmetry is assumed at the central vertical plane of the horizontal channel. Fig. 3a shows the simulation result of the cross-sectional and a bird's eye view of the deformed valve membrane for two kinds of rectangular and circular shaped valves. The membrane thickness is chosen to be 15 μm, which is the same dimension we chose for the microfabricated valves. For comparison, the micrograph of the bird's eye view of the micro-fabricated valve with the same dimensions is shown (Fig. 3b) . A membrane with the same thickness and length, however differing in width can result in various deflection shapes as well as sagging heights due to the applied field. Fig. 3c shows the simulation results for two different sized (600 and 700 μm) circular and rectangular shaped valves with respect to different channel widths (150-300 μm). The amount of deformation is higher in the case of rectangular valves compared with circular valves of the same size of width. The area of rectangle is larger than circle, thus the amount of MR fluid on top of the rectangle is greater, and thus a higher magnetic force is exerted for a given field, thus making the deformation of the rectangular valve larger compared to the circle. These effects are predominant in valves of larger dimensions thus in the case of 700 μm a more noticeable difference can be seen between them.
Using the simulation results to provide design guidance for experimental efforts, valves were microfabricated and validated experimentally. Rectangular and circular shaped valves with different channel widths were fabricated and their operational performance was compared with each other. Figure 4 shows a series of qualitative images to visualize the ability of the microfabricated valves to open and close channels. Valves can be closed, as seen (Fig. 4a) , without affecting the neighboring valve. Thus, the PDMS membrane, with MR fluid on top, can be effectively magnetically closed as predicted by simulations, and can function effectively and be contactactlessly opened and shut. Video acquistion of beads flowing in the channel also qualitatively validated valve performance at the microscopic level, as the valve was actuated magnetically (Supplementary materials).
The amount of membrane deformation and thus valve closing depends on membrane thickness, channel width and height, valve geometry, and concentration of the MR fluid. Among these parameters, we focused on studying the effect of channel width and valve geometry for optimizing valve performance.
B. Effect of Shape and Size of Valve on Its Performance
We fabricated valves with various dimensions including 150, 200, 250, 300 μm width, and 1 cm length. Circular and rectangular valves (600 μm and 700 μm diameters and side width) were embedded.
To characterize the fluid flow in the channel, we injected polystyrene beads into the fluid, and monitored the channels optically, recording the video of the channel. The position of the beads was tracked optically to determine the average flow rate in the channel. The flow of beads was controlled with syringe pump and magnet was applied and removed in 30-second intervals. The difference in the speed of the beads was recorded. Then the videos were converted to image frames, and the speed of beads was calculated before and after applying the magnet. To make the data comparable with the simulation results, here we set the syringe pump flow rate to 0.02 μl/min, which is equivalent to an average fluid speed of 100±15 μm/s, which was the same assumption made in the simulation regarding the speed of the fluid at the inlet. Each data point obtained in the figures of the experimental results is from averaging the speed of five different beads. Figure 5 shows the percentage of valve closure for various configurations. We approximate valve closure by calculating the drop in fluid velocity before and after applying a magnetic field. In the case where the fluid comes to a stop (to the point where fluid flow is no longer optically detectable), we assume 100% valve closure. The magnetic field applies a force on the MR fluid and causes deformation of the thin PDMS membrane layer and stops fluid flow in the channel reducing the flow rate to zero. As we expected from the simulations, simple channels (valves without a circle or square beneath the patterned MR region) have lower deformation and circular valves with a diameter of 700 μm has the greatest deformation. A decrease in channel closure with smaller channel width was also observed experimentally. However, there is a notable difference between experimental results and simulation results for rectangular valves. In rectangular valves, edge effects seem to play a role in addition to the size of channel width, thus the behavior is more complex compared to the circlular valves thus more sophisticated models are needed to accurately simulate behavior.
C. Response of Valve Versus Flow Rate
In order to evaluate the response of different valve structures in different flow rate regimes, the percentage of valve closure for channels with 300 μm width for three types of valves, circular and rectangle (700 μm diameter, side width) and a simple channel (meaning that the full 1 cm channel was 300 μm wide throughout) was studied. Fig. 6a shows the percentage of valve closure in response to the pressure applied to the channel in the valve region. In the low flow rate regime, the circular valve can be completely closed, however as fluid flow rate (or applied pressure) increases, its performance degraded much more rapidly compared to rectangular valves.
The rectangular valve can operate with roughly the same performance for a wider range of flow rates. As can be seen, the rectangular channel reduces the fluid speed by nearly 86% as the bead velocity drops from 900 ± 50 μm/s to 220 μm/s. For the same flow rate, the circular valves and the simple valves respectively close 63% and 40%.
D. Analysis On-Off Cycles
To evaluate the ability for the valve to switch flow in the channel on and off, we tested on-off cycles of valves. In other word, the magnetic field was applied for 30 seconds closing the valves, and removed for 30 seconds allowing the valve to reopen. Here, the speed of beads was recorded for three open/close cycles. In order to obtain the precise flow rate of the fluid in the channel, we calculated flow rate based on the fluid speed, rather than relying on the reading provided by the syringe pump, which can often be inaccurate. Fig. 7 shows the fluid flow rate in the channel versus time for three valve On-Off cycles. When the magnet was applied, the flow rate in the channel dropped significantly with a rapid response time, and after the magnetic field was removed, returned near to its original level. For the case of 700 μm diameter circular valve with a channel width of 300 μm, the continued application of magnetic force for 30 second in flow rate of 0.02,0.04 μl/min, causes complete valve closure and for a flow rate of 0.2 μl/min, a valve closure of 60 percent and a flow rate drop to 0.08 μl/min. This was repeated reproducibly over several cycles. Hence, we can expect this valve to operate effectively in applications that require repeated opening and closing over long periods of time (for at least several hours). Various applications exist where it is important to have a system of flow control that can exhibit instantaneous closure and rapid reopening. Thus, we believe these valves are suitable candidates for these applications. 
IV. CONCLUISION
In this work, we designed, simulated, and fabricated a novel method for magnetically actuating elastomeric valves with a fast response time. Our fabrication process is advantageous because of its compatibility with standard softlithography processes, allowing for microfluidic users to easily integrate this technique in their design. We performed COMSOL simulations to aid with our understanding of the parameters affecting valve performance, and we validated the theory by fabricating and experimentally characterizing the proposed valve structures. In general, the operating range of flow rate that we tested for the fabricated valves was relatively low (<1 μl/min) because we used a 1 mm thick PDMS layer as the base substrate between the magnet and PDMS membrane.
The magnetic force exerted on the membrane decreases parabolically as the distance from the valve increases. Thus, for future work, we can overcome this limitation by using substrates that are thinner to achieve a closer distance to the membrane. Although the operating flow rate/pressure range of these valves is relatively low it can be simply improved with using a very thin layer of PDMS substrate only in active side of valve. Future work to improve the performance of these valves can include designing novel geometries with minimal amounts of dead volume, yet maintaining a high level of deformability. Also the range of active flow rate of valve can be controlled with changing the thickness of the PDMS substrate and concentration of MR fluid based on our application needs.
However, we emphasize, that these valves can have applicability in a wide range of applications in microfluidics requiring low fluid flow rates, such as on-chip protein and nucleic assays. This work can be extended by incorporating electrically controlled micro-magnets to enable miniaturized dynamic control of the valves. Also, by fabricating several valves in the same channel, in series to each other and actuating them sequentially to enable peristaltic motion, and on-chip fluid pumps can be fabricated. The contactless nature of the magnetic actuation also allows envisioning a two dimensional array of electrically or mechanically controlled micro-magnets under a grid of microchannels. The micro-magnets can actuate the grid of microchannels, and move around the fluids, performing the assay as desired, and then once completed, the channel can be disposed of, and a new grid of channels can be placed on the reusable magnet array. Future studies will be directed towards exploring various configurations and geometrical designs for electrically automated actuation of a network of valves in microchannels. Given that the current fabrication yield for the valves is 70 percent, we will also focus efforts on improving the fabrication process to increase the yield. Thus, these valves are attractive candidates not only in realizing large-scale microfluidic integration, but also miniaturizing the footprint of the instrumentation as a whole.
